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Introduction {#sec001}
============

Systemic sclerosis (SSc), also known as scleroderma, is a disease characterized by fibrosis of skin and internal organs, vascular disorder, and immunological abnormalities\[[@pone.0159611.ref001]--[@pone.0159611.ref005]\]. Microvascular damage and dysfunction are the earliest morphological and functional markers of scleroderma. Fingers and toes are particularly prone to persistent digital ischemia caused by microcirculatory disorder\[[@pone.0159611.ref004],[@pone.0159611.ref005]\]. In this disorder, even a minor injury can lead to a digital ulcer. When infected, such ulcers have a tendency to worsen and increase the size and depth. Thus, early appropriate treatment is important to control the condition. Therefore, reliable methods and devices to evaluate the status of microcirculation are required to prevent the development of digital ulcers and ensure their early, effective treatments.

In order to evaluate the microvascular functions, several methods have been developed. Laser Doppler method measures the blood flow velocity from the phase change of the reflected laser beam\[[@pone.0159611.ref006]--[@pone.0159611.ref008]\]. Optical coherence tomography, which is utilized for the visualization of tissue structure\[[@pone.0159611.ref009]--[@pone.0159611.ref011]\], is applied to the measurement of microvascular blood flow\[[@pone.0159611.ref012]\]. Ultrasound Doppler technique is used to visualize blood flow as a motion picture\[[@pone.0159611.ref013],[@pone.0159611.ref014]\]. Blood flow and blood vessel structure of nailhold is visualized by nailhold capillaroscopy\[[@pone.0159611.ref015],[@pone.0159611.ref016]\]. Thermography is also used in the evaluation and diagnosis of microcirculation disorder\[[@pone.0159611.ref017],[@pone.0159611.ref018]\]. Pulse oximeter have been shown to be affected by fibrosis in their use in patients with SSc\[[@pone.0159611.ref019]\].

We have proposed an optical sensor with a pressurization mechanism for characterization of the blood circulation of dermal peripheral blood vessels in flow-mediated dilation\[[@pone.0159611.ref020]\]. This device consists of a LED and a photodetector, which are the same with reflection-type pulse oximeter\[[@pone.0159611.ref021],[@pone.0159611.ref022]\]. However, the optical sensor is pressed by a static pressure to the skin surface using a moving-coil type actuator. When the applied pressure (primary pressure P1) is higher than the systolic pressure, the blood in dermal peripheral blood vessels, which consist of arteriole, capillary and venula, forced to flow out. Then, the pressure is decreased (secondary pressure P2), causing the blood to reflow into the peripheral blood vessels. The light scattered from the skin dermis is received by an optical sensor, and the change in hemoglobin concentration along the optical path during the pressurization of primary pressure and secondary pressure is estimated using the Beer--Lambert law. Indexes of outflow and reflow characteristic are evaluated. In this paper, an optical sensor with a pressurization mechanism was implemented to assess the blood circulation of dermal peripheral blood vessels in 26 scleroderma patients and 26 healthy female volunteers.

Materials and Methods {#sec002}
=====================

Measurement of hemoglobin concentration {#sec003}
---------------------------------------

[Fig 1](#pone.0159611.g001){ref-type="fig"} shows a schematic diagram of an optical sensor with a pressurization mechanism. An optical sensor contains a LED, a photodetector, and an optical shading block placed at the center of the optical sensor. Optical shading block is adopted so that both the direct light from the LED to the photodetector and the scattered light propagating close to the skin surface are blocked. Light emitted by the LED is scattered from the dermis and is received by a photodetector. The light intensity received by the photodetector is $$I\left( t \right) = KA_{T}I_{i}{\exp{\left( {- \left( {\varepsilon_{o}C_{o} + \varepsilon_{d}C_{d}} \right)l} \right),}}$$ where *A*~*T*~ and *I*~*i*~ are the light absorption of the tissue and the light intensity of the LED, respectively. *ε*~*0*~, *ε*~*d*~, *C*~*0*~, and *C*~*d*~ are the attenuation coefficient of oxyhemoglobin, attenuation coefficient of deoxyhemoglobin, concentration of oxyhemoglobin, and concentration of deoxyhemoglobin, respectively. *l* is the optical path length and *K* is a constant.

![Schematic diagram of an optical sensor with a pressurization mechanism.](pone.0159611.g001){#pone.0159611.g001}

If we assume that the attenuation coefficient of oxyhemoglobin is equal to that of deoxyhemoglobin by selecting the wavelength of light, Eq ([1](#pone.0159611.e001){ref-type="disp-formula"}) may be rewritten as follows: $$I\left( t \right) = KA_{T}I_{i}{\exp{\left( {- \epsilon Cl} \right),}}$$ where *ε* is the attenuation coefficient of oxyhemoglobin and deoxyhemoglobin. *C* is the sum of oxyhemoglobin concentration and deoxyhemoglobin concentration.

If pressurization of the optical sensor continues long enough so that the whole blood flows out from the dermal peripheral blood vessels, the received light intensity can be calculated as follows: $$I_{0} = KA_{T}I_{i}.$$

From Eqs ([2](#pone.0159611.e002){ref-type="disp-formula"}) and ([3](#pone.0159611.e003){ref-type="disp-formula"}), a parameter of hemoglobin concentration, *C*~*Hb*~, defined by the multiplication of *C* and *l*, is $$C_{Hb} = Cl = - \frac{1}{\varepsilon}{log}_{e}\left( \frac{I\left( t \right)}{I_{0}} \right).$$

The change in hemoglobin concentration (i.e., the change of blood) in the dermal peripheral blood vessels caused by pressurization is estimated from the change in the received light intensity.

Measurement apparatus {#sec004}
---------------------

[Fig 2](#pone.0159611.g002){ref-type="fig"} shows a cross-sectional image of the optical sensor with a pressurization mechanism, constructed for the examination of the blood circulation of fingertip peripheral blood vessels. A right-hand finger is held between the upper and bottom finger holder. The optical sensor is pressed by a moving coil-type actuator and the force of the actuator and the timing of pressurization are controlled by a PC. Emitted LED light is chopped with a frequency of 1kHz; the received light intensity is detected by a lock-in amplifier in order to increase the signal-to-noise ratio of the signal. The wavelength of the LED is 530nm with half wavelength of 40nm so that oxyhemoglobin and deoxyhemoglobin show almost the same attenuation coefficient. [Fig 3](#pone.0159611.g003){ref-type="fig"} shows attenuation coefficient of oxyhemoglobin and deoxyhemoglobin for the wavelength of 450--550 nm \[[@pone.0159611.ref023]\]. Oxygen saturation of capillary blood which is measured for newborns is 80.5% (Mean value)\[[@pone.0159611.ref024]\]. The light attenuation coefficients of oxyhemoglobin and that of deoxyhemoglobin are 9.7 and 8.7\[L\*mol^-1^\*cm^-1^\] respectively. Hence, the light absorption of blood with the oxygen saturation of 80.5% (capillary blood) is 9.45\[L\*mol^-1^\*cm^-1^\]. The difference from the light absorption of oxyhemoglobin which corresponds to that of artery blood is 2.6%. This difference shows that total hemoglobin concentration is estimated with high accuracy by using the light of 530nm wavelength. Because the measurement is finished within several minutes, it is assumed that the oxygen saturation of blood is a constant value during the experiment. Therefore, the small difference of attenuation coefficients between oxyhemoglobin and deoxyhemoglobin can be ignored in the measurement of hemoglobin concentration change caused by pressurization.

![Cross-sectional image of the optical sensor with a pressurization mechanism.](pone.0159611.g002){#pone.0159611.g002}

![Photo absorption coefficient of oxyhemoglobin and deoxyhemoglobin.](pone.0159611.g003){#pone.0159611.g003}

[Fig 4](#pone.0159611.g004){ref-type="fig"} shows a photograph of the sensing system. The right forefinger is held between the lower and upper finger holders, and the blood outflow and reflow characteristics are measured by the optical sensor. A reflection-type optical sensor is also attached to the left forefinger and the change in blood volume caused by the heartbeat is monitored. Pressurizations with the primary pressure and secondary pressure start in synchronization with the heartbeat signal in order to suppress the effect of the blood pressure of the arterioles. Heart beat signal is monitored ad is counted automatically by an optical sensor which is attached to the left forearm.

![Photograph of the sensing system.](pone.0159611.g004){#pone.0159611.g004}

Time chart of pressurization {#sec005}
----------------------------

[Fig 5](#pone.0159611.g005){ref-type="fig"} shows a time chart of the pressure applied to the skin surface using the optical sensor with a pressurization mechanism. This sequence consists of the following two steps.

![Time chart of pressure applied to the skin surface using the optical sensor with a pressurization mechanism.\
In section A, the absorption of light by the dermal tissue is estimated. In section B1-B3, blood reflow characteristics of the peripheral blood vessels are recorded by changing P2.](pone.0159611.g005){#pone.0159611.g005}

### Step1: Measurement of the light absorption of tissue {#sec006}

A primary pressure P1, which was much higher than the systolic pressure, was applied for 10s to cause the outflow of blood from the peripheral blood vessels. The absorption of light by the dermis was estimated from the blood outflow curve. The primary pressure P1 was set to 304mmHg in this experiment. This measurement was repeated 4 times and the light absorbed by the tissue was obtained as an averaged value (Section A in [Fig 5](#pone.0159611.g005){ref-type="fig"}).

### Step2: Measurement of hemoglobin concentration under pressurization {#sec007}

A sequence of pressurizations (the primary pressure followed by the secondary pressure) was applied. In this sequence, the primary pressure (304mmHg) was applied during two heartbeat periods to make a part of the blood flow out from the dermal peripheral blood vessels. By this pressurization, hemoglobin concentration usually decreases to less than 30% of the initial value, which is small enough to monitor the blood reflow caused by the pressurization of secondary pressure. Blood reflow characteristics of the peripheral blood vessels were obtained using the secondary pressure P2 at six different levels: 28, 40, 53, 64, 88, and 109mmHg (Section B1 in [Fig 5](#pone.0159611.g005){ref-type="fig"}). These secondary pressures having approximately equal pressure difference were chosen, because dominant blood reflow observed in this pressure range for healthy volunteers. Blood outflow and blood reflow measurements were repeated every 10s (including a short break) as shown in [Fig 5](#pone.0159611.g005){ref-type="fig"}. The same measurement was repeated three times (B1-B3). Minimum value of the secondary pressure is 28mmHg in this experimental apparatus because the actuator to apply pressure does not work well due to the friction of the mechanism.

Typical curve of hemoglobin concentration, when the pressures P1 and P2 are applied, is shown in [Fig 6](#pone.0159611.g006){ref-type="fig"}. Blood flows out by the pressure P1, and starts to re-flow when the pressure is set to P2. In order to evaluate the blood reflow characteristic, an index of blood reflow characteristic *ΔC*~*Hb*,~ is introduced. *ΔC*~*Hb*~ is defined as the recovery in hemoglobin concentration during the first heartbeat period of secondary pressure, as is shown in [Fig 6](#pone.0159611.g006){ref-type="fig"}. Large *ΔC*~*Hb*~ shows sufficient blood reflow under the secondary pressure.

![An index of blood reflow characteristic *ΔC*~*Hb*~.](pone.0159611.g006){#pone.0159611.g006}

Subjects {#sec008}
========

26 female healthy volunteers \[age (mean±SD): 69.7±4.13 years old\] and 26 female scleroderma patients (59.9±13.9 years old) were measured. All patients fulfilled the criteria of scleroderma proposed by the American College of Rheumatology (1980)\[[@pone.0159611.ref025]\] and the American College of Rheumatology/European League against Rheumatism Classification Criteria (2013)\[[@pone.0159611.ref026]\]. All our scleroderma patients suffered peripheral circulation disorders, such as Raynaud's phenomenon, but did not have digital ulcers. This study was approved by the Institutional Review Board of Gunma University. All healthy individuals and scleroderma patients provided written informed consent before participation.

Results {#sec009}
=======

[Fig 7](#pone.0159611.g007){ref-type="fig"} shows representative results of the hemoglobin concentration *C*~*Hb*~ measured using the proposed method. [Fig 7A and 7B](#pone.0159611.g007){ref-type="fig"} present *C*~*Hb*~ in two healthy volunteers. [Fig 7C and 7D](#pone.0159611.g007){ref-type="fig"} are *C*~*Hb*~ in two scleroderma patients. The horizontal axis shows the time and the vertical axis shows *C*~*Hb*~. When the primary pressure P1 was applied for two heartbeat periods, blood flowed out from the peripheral blood vessels. This blood outflow was shown as a rapid decrease in hemoglobin concentration *C*~*Hb*~. Then, the secondary pressure P2 was applied to cause the blood to reflow into the peripheral blood vessels. In the healthy volunteers, *C*~*Hb*~ increased significantly with a decrease in the secondary pressure; the inherent periodical fluctuations caused by the heartbeat were observed ([Fig 7A and 7B](#pone.0159611.g007){ref-type="fig"}). However, neither a significant blood reflow nor a clear heartbeat signal was observed during the secondary pressure period of scleroderma patients ([Fig 7C and 7D](#pone.0159611.g007){ref-type="fig"}). Moreover, the concentration of hemoglobin in these patients decreased with time even when the secondary pressure was set to the minimum secondary pressure 28mmHg. Hemoglobin concentration at the initial time (t = 0) shows hemoglobin concentration which is recovered after some rest time returning the pressure to zero. Clear difference of reflow characteristic under the secondary pressure, which was observed between two groups, was not shown in the hemoglobin concentration at t = 0, though the hemoglobin concentration of scleroderma patients is lower than that of healthy volunteers. This result clearly showed that pressurization sequence was effective in order to detect the difference of blood reflow characteristic between scleroderma patients and healthy volunteers.

![Hemoglobin concentration *C*~*Hb*~ measured using the proposed method.\
Figs (a) and (b) are *C*~*Hb*~ which are observed for two healthy volunteers. Figs (c) and (d) are *C*~*Hb*~ which were observed in two scleroderma patients.](pone.0159611.g007){#pone.0159611.g007}

[Fig 8](#pone.0159611.g008){ref-type="fig"} shows *ΔC*~*Hb*~ obtained from four healthy volunteers and four scleroderma patients. The horizontal axis shows the secondary pressure and the vertical axis shows *ΔC*~*Hb*~. Four successive measurement data are shown. A clear recovery of hemoglobin concentration was observed when the secondary pressure was decreased for healthy volunteers. However, the recovery of hemoglobin concentration under the secondary pressure was much lower than that in healthy volunteers, although *ΔC*~*Hb*~ increased slightly with a decrease in the secondary pressure.

![*ΔC*~*Hb*~ measured in four healthy volunteers and four scleroderma patients.](pone.0159611.g008){#pone.0159611.g008}

[Fig 9](#pone.0159611.g009){ref-type="fig"} shows *ΔC*~*Hb*~ measured in 26 healthy volunteers and 26 scleroderma patients. Results obtained for P2 of 88, 64, 40 and 28mmHg are shown in [Fig 9A--9D](#pone.0159611.g009){ref-type="fig"}, respectively. Statistical analysis between two groups was performed by Student\'s t test. Although a significant difference was observed in four secondary pressures, p value was the smallest when the secondary pressure was set at 40mmHg ([Fig 9C](#pone.0159611.g009){ref-type="fig"}). *ΔC*~*Hb*~ for the secondary pressure 40mmHg was (mean±SD) 0.059±0.05%mm for scleroderma patients and 0.173±0.104%mm for healthy volunteers. *ΔC*~*Hb*~ measured in 26 healthy volunteers and 26 scleroderma patients is also shown in [S1 Dataset](#pone.0159611.s001){ref-type="supplementary-material"}. These results demonstrate that blood circulation disorder of peripheral blood vessels in scleroderma patients can be detected by the proposed method.

![*ΔC*~*Hb*~ measured in 26 healthy volunteers and 26 scleroderma patients.\
(a):P2 = 88mmHg, (b):P2 = 64mmHg, (c):P2 = 40mmHg, and (d):P2 = 28mmHg.](pone.0159611.g009){#pone.0159611.g009}

Age distribution of healthy volunteers is different from that of scleroderma patients. Hence, ten healthy volunteers who aged 65 to 75 years old and ten scleroderma patients of the same age range were compared. [Fig 10](#pone.0159611.g010){ref-type="fig"} shows the results. [Fig 10A--10D](#pone.0159611.g010){ref-type="fig"} are the results for P2the secondary pressure of 88, 64, 40 and 28mmHg, respectively. There is no significance difference when P2 is set to 88mmHg, however, clear difference was seen between two groups for P2 = 64, 40 and 28mmHg.

![*ΔC*~*Hb*~ measured in healthy volunteers aged 65 to 75 years old (N = 10) and scleroderma patients aged 65 to 75 years old (N = 10).\
(a):P2 = 88mmHg, (b):P2 = 64mmHg, (c):P2 = 40mmHg, and (d):P2 = 28mmHg.](pone.0159611.g010){#pone.0159611.g010}

Discussion {#sec010}
==========

We propose a novel method to evaluate the blood circulation disorder of peripheral blood vessels in scleroderma patients. The method employs a reflection-type optical sensor in combination with pressure to the skin. At first, blood outflows after applying the primary pressure P1 (higher than the systolic pressure). Then, the pressure is lowered to the secondary pressure P2 to cause the blood to reflow into the peripheral blood vessels. The changes in hemoglobin concentration during the procedure are calculated from the received light intensity using the Beer--Lambert law. The method is noninvasive; the outflow and reflow characteristics of peripheral blood vessels are obtained without any discomfort to the patients. The procedure takes only a few minutes and the measuring equipment is easy to use.

The blood circulation of peripheral blood vessels is also affected by the skin temperature. Hence, we monitored the skin temperature (using an infrared thermometer) before and after the experiment. Subjects whose skin temperature was below 30°C were asked to keep their hands in water at 40°C for 1 min to recover the blood flow. The skin temperature of four healthy volunteers and four scleroderma patients was elevated to \>30°C using this method. Blood pressure was also measured using an electromanometer. However, the correlation coefficient between Δ*C*~*Hb*~ and systolic blood pressure was 0.012. This result showed that the blood reflow characteristics were independent of the systolic blood pressure.

In scleroderma patients with microcirculatory disturbance, neither a significant blood reflow nor a clear heartbeat signal was observed during the secondary pressure period. Moreover, the amount of blood reflow during the first heartbeat period of the secondary pressure was significantly lower in scleroderma patients than in healthy individuals. These results suggested that an abnormal blood reflow in the fingertip peripheral blood vessels was associated with blood circulation disturbances in scleroderma patients. A t-test was performed between scleroderma patients and heathy volunteers *ΔC*~*Hb*~ for different secondary pressure P2. P value was the smallest when P2 was set at 40mmHg, although a significant difference was also obtained for 88, 64 and 28mmHg.

The peripheral microvascular disorder is a dynamic event in scleroderma; it is an efficient predictor of disease development and progression\[[@pone.0159611.ref027]\]. The vascular changes associated with scleroderma are classified into two groups: destructive vasculopathy and proliferative/obliterative vasculopathy\[[@pone.0159611.ref028]\]. Destructive vasculopathy affects small vessels and manifests itself early in the course of scleroderma as progressive loss of capillaries and insufficient angiogenesis. We have previously reported that atherosclerotic changes are not primarily involved in the development of digital ulcers \[[@pone.0159611.ref004]\]. These data, in conjunction with our results demonstrating the suppressed blood reflow in scleroderma patients, suggest a progressive loss of finger capillaries in scleroderma. Our results also suggest that *ΔC*~*Hb*~ is a useful marker for the evaluation of the severity of the blood circulation disorder of peripheral blood vessels in scleroderma patients. Based on our results, we believe that this measurement technique can be applied for the detection, diagnosis and evaluation of peripheral vascular dysfunctions in many diseases, such as SSc, peripheral arterial disease and thromboangiitis obliterans. In addition, in clinically, we suggest that this measurement technique might use for the assessment of the efficacy of the drugs for the treatment with peripheral vascular dysfunction.

Feature of the proposed method is that the blood flow and reflow characteristics of peripheral blood circulation under applying pressurization can be monitored quantitatively, which cannot be achieved by other methods. Since blood vessel in peripheral blood circulation is difficult to detect by optical methods due to its size of blood vessel. The Doppler method which is widely adopted to monitor blood flow cannot be applied because blood flow direction is not fixed in the region of interest. In the proposed method, hemoglobin concentration in peripheral blood circulation is monitored by introducing a pressurization mechanism to a reflection-type optical measurement method. Change of blood amount along the optical path when pressure is applied from skin surface is measured by Beer-Lambert law. The proposed method is the only method that can evaluate peripheral circulation blood flow and reflow characteristics.

Conclusions {#sec011}
===========

Blood reflow characteristics under a static pressure were evaluated using an optical sensor with a pressurization mechanism. Two different types of pressure were applied in sequence. The primary pressure P1 caused the outflow of blood from dermal peripheral blood vessels, whereas the secondary pressure P2 caused the blood reflow. The reflow of blood into the peripheral blood vessels in scleroderma patients was significantly lower than that in the healthy volunteers. This result shows that the proposed method can provide valuable data for assessing the blood circulation disorder of peripheral blood vessels in scleroderma patients.
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======================
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